Taller, more economical wind turbine support towers are necessary for the future optimization of wind energy generation. Trends in current wind tower designs clearly demonstrate this need. Many large turbine manufacturers have begun production on large towers (taller than 120 m) that employee non-traditional wind turbine tower manufacturing techniques. Keystone Tower System's (KTS) spiral welding manufacturing process for tapered steel towers is one example of a potential tall-tower manufacturing solution. Spiral welding is common in the pipeline industry where structural demands are influenced by internal pressurization. In contrast, the demand on wind turbine towers is dominated by flexural loading without internal pressurization. The lack of existing studies on the flexural behavior of spirally welded tubes is exacerbated by the high sensitivity to local buckling inherent in wind turbine towers, which have diameter-to-thickness ratios (D/t) that can exceed 300. For such structures, failure is dependent on initial geometric imperfections, including those induced by welding and other manufacturing procedures. Since spirally welded wind turbine towers will have a unique combination of welds, the impact of this particular manufacturing process on the ultimate local buckling strength of the towers must be understood. For this reason, a series of static, flexural tests have been undertaken on large scale spirally welded tubes. The preliminary results of these tests will be presented and discussed.
Introduction
Wind towers are growing taller to increase energy capture and make wind-generated energy economical in new regions where shorter tower heights have previously made wind energy unprofitable. These taller towers, over 120 m (390 ft) in height, require innovations in tower design. Keystone Tower Systems (KTS) has developed a spiral welding process capable of producing tapered steel tubes with a circular hollow cross-section which can be used as wind turbine towers. A significant benefit of these towers is that they can be manufactured on site at the wind farm where the towers will be erected. This eliminates existing transportation constraints, such as overpass height restrictions and tight street corners, allowing for more optimal tower designs (e.g. larger base diameters and lower weight). For tall towers, these leastweight designs are significantly more slender than existing towers [1] .
The imperfection-sensitive nature of slender tubular steel structures is considered in the design of such structures through perhaps overly conservative knockdown factors originating from the lower bound of decades of experimental testing programs. Most current design codes now allow for the use of computational models as a way of circumventing these stringent knockdown factors [2] . However, use of advanced computational modelling is nuanced, and significant experimental data is still prudent to validate any models that are to be used in future tower design.
Additionally, while spiral welding has been used for decades in the pipeline industry, where the primary loading action on the pipes includes internal pressurization, which can delay the on-set of buckling, the use of spirally welded steel in un-pressurized structural applications is new. The behavior of un-pressurized spirally welded steel is less understood and should be verified before such structures are used in wind turbine tower applications. The spiral welding manufacturing process for tapered tubes also creates a weld pattern that differs from both cylindrical spirally welded steel pipe and traditional can welded wind turbine towers. This imperfection pattern is additionally influenced by the numerous 'cross welds' that occur over the length of the tower and how these imperfection patterns affect the strength of these highly slender structural elements is not well understood. For these reasons, Keystone Tower Systems, Northeastern University, and Johns Hopkins University are undertaking an experimental program to study the buckling behavior of tapered spirally welded steel tubes. This paper provides a detailed summary of the experimental program, including its objectives and preliminary results.
Experimental Program Overview
This section summarizes the objectives and the scope of the experimental investigation into the buckling behavior of tapered spirally welded steel tubes.
Objectives
The objectives of these buckling tests are multifold. The tests first provide a means for comparing the behavior and ultimate buckling strength of tapered spirally welded tubes to traditional can-welded towers as well as prismatic spirally welded pipeline. In addition, the tests serve to confirm the adequacy of Eurocode's stress design methodology for use with tapered spirally welded steel towers. Since tapered spirally welded steel tubes are an innovative idea for manufacturing wind turbine towers, understanding their behavior in comparison to similar, more common structural members is an important step to fully incorporating their use into existing design standards.
The tests also aim to lay the groundwork for the use of sophisticated computational analyses (e.g. geometric and materially nonlinear imperfection-included analyses, or GMNIA, as it is referred to in Eurocode [2] ) in the future design of spirally welded wind towers. This process, though permitted in Eurocode, and other similar international design codes, is not common in practice due to the difficulties inherent in nonlinear computational analysis generally, and, in particular, difficulties modeling local buckling of slender, imperfection sensitive members. Having a full set of tests with comprehensive imperfection scans allows for more accurate calibrations of a computational model, increasing confidence in the modelling results. Enabling modelling methodologies like these can lead to final tower designs with much less over-conservatism than current knock-down factors allow for such high slenderness members.
In addition to the buckling tests, the imperfection scans provide detailed measurements of geometric imperfections over the entire tube surface. Since spirally welded wind turbine towers are likely to be produced in large, repeatable quantities with the same geometry (e.g. a large wind farm can have more than 100 identical towers), the ability to measure and categorize the manufacturing-induced geometric imperfections is especially important and can lead to more accurate buckling strength predictions. With the extensive geometric data collected as part of this program, imperfections can be simulated probabilistically for spirally welded towers of differing geometries and those simulations could be used to model those towers for future design, again providing the opportunity to improve upon current overly conservative methods and providing more insight into the structural reliability of towers. Combining the test data, geometry scans, GMNIA-type analyses and probabilistic imperfection simulation capabilities, probabilistic buckling strength equations for spirally welded wind towers can be developed for inclusion into future design documentation. Table 1 provides a summary of the pertinent geometric quantities for all specimens to be tested. The selection of specimen geometries is designed to match the high slenderness tower sections that are likely in the case of tall spirally welded towers. A secondary consideration is to understand the effect that the 'cross weld' orientation has on the ultimate strength of the section.
Summary of Specimen Geometry
Inspection of Table 1 shows that the specimens are grouped into three sub-categories with similar geometric properties. The first set of tests was selected to study the behavior of spirally welded tapered tubes at relatively low D/t ratios (similar to those in existing steel wind tower designs) which may be of interest for smaller towers. For these tests the maximum D/t ratio and taper vary between specimens and the location of the cross weld is kept fixed, isolating the effect of the difference in tower geometry on the ultimate strength of the tube.
The second and third sets of tests are meant to study higher slenderness tubes with and without a change in thickness occurring along the length of the specimen. In these tests, the position of the 'cross weld' along the extreme compressive fiber is varied to understand its effect and to account randomness in the ultimate loading direction of a wind tower relative to the cross welds.
Testing Procedure
This section lays out, in detail, the testing procedure used to assess the buckling strength of tapered spirally welded steel tubes. Included is a description of the experimental rig designed for this purpose, a summary of the pre-test procedures, and finally a detailed description of the test procedure itself.
Rig Description
The experimental rig for the buckling tests is designed for use with two hydraulic actuators, each capable of 330 kips in compression and 215 kips in tension. A photograph of the rig with a cylindrical (i.e. not tapered) specimen installed is provided in Figure 3 . With the actuators attached as shown in Figure 2 and Figure 3 , the rig is capable of loading the specimen with a maximum of 660 kips axial force in tension, 430 kips axial force in compression, and a maximum bending moment of 2640 kip ft with rotations at each end capable of reaching 10°. The specimen is connected to the crossbeams with two 4 in thick steel endplates, one at either end of the specimen. The specimen is welded to the endplates with complete joint penetration welds, restraining both ends against ovalization. The endplates are then connected to the crossbeams with 16 1.5 inch diameter pre-tensioned rods on either side. Further details of this installation procedure are laid out in the following section. This method for installing the specimen was chosen to maximize the allowable tolerances for both out-of-roundness of the end cross sections, and out-of-plumbness over the length of the specimen. This further ensures testing of the specimen as produced and delivered without any constraints that may have been introduced by a bolted flange-type connection.
Pre-Test Measurements and Procedure
All specimens are first cut with a cutting wheel to the desired length, and measurements are made of the end diameters and plate thicknesses. Then, a complete scan of the inner surface is made using a line scanner (Acuity AP620-110; .0031" resolution at the center of its field-ofview) which is mounted on a platform that is controllable in the axial and circumferential directions. The platform and scanner can be seen in Figure 4 . To complete a scan of the specimen surface, the laser moves longitudinally along the platform axis at the prescribed velocity, with data taken by the laser at a prescribed frequency. After completing this longitudinal scan, the platform axis rotates through a specified angle, and another longitudinal scan. The process continues in this way until the entire tube surface has been scanned. The scan velocity and frequency are specified as 50 mm/s and 1mm between scans respectively, and scans are taken every 6° around the circumference. These parameters result in a scan resolution of 25 measurements per axial inch and approximately 320 measurements per circumferential inch, depending on the diameter at a given position. The scan data is then manipulated into a 3D point cloud characterizing the specimen's initial geometry.
After these initial scans, the first endplate is welded to the small diameter end using a complete joint penetration weld and a backing bar that is tack-welded onto the inside surface of the specimen. The specimen is stood on end, with the small diameter centered on the square endplate. Spacers are used to ensure proper spacing around the circumference of the tube.
Completing the weld with the specimen in this position is necessary because the spray-arc welding process that is used requires a flat surface. This spray-arc process is chosen whenever possible for welding large thickness pieces. The electrode is E70, and the welding is done at 24.1 volts with a wire feed rate of 480 in/min. Three short passes (approximately 4 in in length) are completed at the third-points of the circumference. The weld is then completed between these existing passes.
After cooling, a second scan is completed of the specimen's inside surface using the rotisserie Acuity laser scanner. This second set of scans allows for a direct comparison to the first set, showing the effect that the CJP weld has on the cone's geometry. The post-weld scan must be completed at this point since the scanning rig cannot be placed inside the tube during testing.
Under pure flexure, the small diameter end of the tube is expected to buckle first, so the scan is chosen to be completed after the welding of the small diameter endplate.
After the second set of scans is complete, the inner surface of the tube is instrumented with strain gauges and then the second endplate is welded to the specimen following the same procedure outlined previously. At this point, measurements are taken to ensure that the endplates are parallel to and aligned with each other. The order of welding passes for this end is carefully selected to ensure proper endplate alignment. Because the endplates must be aligned and the small diameter has been centered on one endplate, any out-of-plumbness of the specimen results in the large diameter being slightly off-center. The specimen is not forced into straightness, and any out-of-plumbness of this type is preserved.
After this final welding procedure, the specimen is lifted into the rig and the tapped holes in the endplate are aligned with those in the crossbeam. The pretensioned connecting rods are fastened on one side first, and then the actuators can be used to bring the second crossbeam into contact with the other endplate, ensuring minimal force is put into the specimen during installation. Any slight misalignment in the endplates is accommodated with shims.
Test Procedure
For the this suite of tests, the rig will be used to apply pure flexure, with the lead actuator contracting in displacement control and the slave actuator, extending while matching the magnitude of force in the lead actuator. Enforcing equal force magnitudes in each actuator helps to ensure pure moment is being applied to the specimen. In addition, the slotted pin end allows any axial shortening of the specimen, avoiding the introduction of spurious axial force. At the beginning of the test, the actuators are controlled to have of zero force. This also provides an estimation of the friction in the system, as the data acquisition from the actuators show how much force was applied before the actuators displaced. The displacement of the lead actuator is increased at a rate of .04 inches per minute, corresponding to a rate of total rotation, the sum of the two endplate rotations, of .03 degrees-per-minute. The test is regularly paused for scanning of the compressive region of the specimen (discussed in more detail in the following section) or inspection of any areas of interest.
Barring complete loss of capacity in the specimen, the test is ended at the peak rotational capacity of the rig, approximately 10 degrees of total rotation. Upon removal of the specimen from the rig, the endplates are cut off with a cutting wheel, and a final interior laser scan is completed within the limits imposed by the magnitude of the final curvature of the tube.
Instrumentation
Both the specimen and the rig itself are instrumented with numerous strain gauges and linear displacement transducers. An image depicting the instrumentation on the rig can be seen in Figure 5 . Two string potentiometers are attached between the endplates, one on the tension side and one on the compression side, to provide a measure of the total rotation (i.e. the sum of the two end rotations) of the specimen. This total rotation measurement can then be compared to the total rotation of the two crossbeams (as measured at the actuators and at the ends of the crossbeams) to infer the extent of crossbeam bending. The crossbeam rotation is measured from both ends of each crossbeam using linear displacement transducers. An additional rotation measurement is taken at the pin. Strain gauges are placed on the out-of-plane restraints and in the web of the cross-beams to provide supplemental monitoring of the loading being applied to the specimen. The specimen is instrumented with numerous strain gauges. A diagram of this instrumentation can be found in Figure 6 . Along the length, gauges measure the longitudinal strain at 5 evenly spaced locations on the extreme tensile fiber as well as both the interior and exterior faces of the extreme compressive fiber in order to quantify local bending effects. Additional strain gauges are placed at the neutral axis to monitor shifting of the neutral axis due to buckling. Strain gauges oriented in the transverse direction and located at the center of the specimen are also used, in addition to the point laser scans, to measure ovalization of the specimen at its center.
At the beginning of the test, and then again at regular intervals throughout the test, a set of point laser scans will be taken along the compressive face of the specimen with two Keyence IL-600 lasers mounted on a linear rig as show in Figure 7 . The laser is mounted on a platform controllable in the axial and vertical directions (+/-24" vertically, thereby covering a roughly 1.85 radian or 106° arc segment of a tube with a diameter of 30 in). The scans are triggered remotely, and data is taken through the existing data acquisition system. The chassis carrying the laser also has a mount for a DSLR camera, allowing for further visual inspection of the specimen's deformation. These scans will provide several meridional lines of deformation data on the compression face throughout the duration of the test, providing both a quantitative and qualitative understanding of the progression of deformation through buckling and post-buckling. Additional photographs and video are captured from multiple sources throughout the tests. A GoPro camera is set up to capture overhead video throughout the entire test. Additionally, webcams are mounted to the endplates aimed at the extreme compressive fiber taking timed still photographs for better resolution of the expected failure location and later synchronization with load and deformation data. Floating DSLR cameras allow for supplemental pictures to be taken throughout the test as any areas of particular interest may be found.
Preliminary Results
This section presents some preliminary results of the commissioning of the new test rig designed for this experimental program, and reports on the start of the testing program.
Rig Commissioning
An initial commissioning test was completed to evaluate the performance of the experimental rig. The specimen used for this test was a cylindrical, spirally-welded tube (not part of the test matrix in Table 1 ). It is important to note that this specimen was manufactured specifically for rig commissioning, and is not representative of future specimens. A summary of this commissioning specimen geometry and material properties can be found in Table 2 . Results from the test can be found in Figure 8 . Rotations were equal on each side of the specimen (as expected for a cylindrical member), minimal axial force was put into the specimen through the duration of the test, and the out-of-plane instrumentation showed no negligible deformation throughout the test, even up to and beyond initial buckling of the specimen. The specimen first buckled at a 'T-connection' between the spiral and skelp welds near the endplate on the extreme compressive fiber. Note that this type of connection will not be present in actual test specimens. An image of the buckle taken upon completion of the test can be seen in Figure 9 . This is common for slender shapes whose buckling strength is highly dependent on boundary conditions. The occurrence of failure near the end of the specimen is more likely for tapered specimens. 
Geometry Scans
Geometry scans were not completed for the commissioning test. Preliminary scans have been completed for the first tapered specimen and the results are shown in Figure 10 . Note that this specimen is not the commissioning specimen and is not related to the moment diagram shown previously. 
Conclusions
The introduction of tapered spirally welded wind turbine towers is pushing wind turbine towers into higher slenderness designs, where buckling behavior is highly imperfection sensitive while the geometric imperfections of these spirally welded towers have yet to be studied. Motivated by this issue, this paper presents a program of large scale flexural local buckling tests for tapered spirally welded steel tubes. The program includes three moderate and six high slenderness flexural buckling tests of manufactured tubes, each with a set of multiple laser geometry scans to provide detailed initial geometry measurements as well as a deformation history of the compressive face throughout the duration of the tests. These tests will serve to inform the future design of wind turbine towers manufactured with spirally welded steel through the calibration and verification of advanced computational models as well as the development of probabilistic buckling strength equations for future implementation in a next-generation LRFD format.
